I. INTRODUCTION
Space charge formation in polymeric materials can cause some serious concern for design engineers as the electric field may severely be distorted, leading to part of the material being overstressed. At the worst, this may result in material degradation and possibly premature failure. [1] [2] [3] A thorough understanding of the dielectric properties of polymeric insulating materials is important to efficiently and safely utilize the materials in both power and electronic industries. Recently, the phenomenon of charge trapping and detrapping has attracted significant attention, since charge characteristics of the insulating material may be closely related to the aging taken place in it. 4, 5 However, to determinate the trapping parameters and characteristics of the material is not an easy task and various methods have been developed to understand charge dynamics when subjected to electric fields. Thermally stimulated currents (TSC) technology has been considered as one of the efficient measuring methods to determinate the trapping parameters, 6 but it is a destructive method as it generally alters morphologic features of the material due to heating. The development in space charge mapping techniques 7 in the past few decades has resulted in an abundant knowledge resource on space charge, and one of the most popular methods is the pulsed electroacoustic (PEA) measurement. One of the advantages of the PEA method is a non-destructive measurement which is safe for the insulation of the material, so it is more convenient and possible for the condition monitoring of the insulating states of power equipments. There are a large number of papers about the PEA measurement and its space-charge profile description, but space-charge accumulation and the related trapping-detrapping phenomena are still poorly understood. 8 One of the techniques to characterize traps is to investigate the time characteristics of charge trapping and detrapping.
In our previous paper, 9 a theoretical model based on shallow and deep traps has been proposed to describe space charge dynamics considering both trapping and detrapping process. In this paper, a quantitative analysis of the trapping parameters and characteristics has been carried out using our experimental data via PEA measurement on low density polyethylene (LDPE) samples. The results indicate that trap depths and density of both shallow and deep traps may be used as ageing markers as changes in the material will certainly affect trapping characteristics in terms of trap depth and density.
II. BRIEF REVIEW OF THEORETICAL MODEL OF TWO LEVEL TRAPS
Trapping and detrapping are closely related to the trap distribution in terms of spatial and energy depths. From aspect of energy, for a semicrystalline polymeric material, it is possible that traps may have several discrete energy depths a)
Author to whom correspondence should be addressed. Electronic mail: ztccqu@163.com. or even continuous energy distribution. Spatially, trap distribution may vary for a sample as the material may experience different processes including physical, thermal, and chemical treatment. This is especially true for the region near to the surface. To simplify the mathematics involved here we assume that the traps are uniformly distributed across the sample and have only two trap energy levels, i.e., one representing shallow trap and another for deep trap.
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The trapping model can be described by three processes as following: charge injection, trapping, detrapping and kinetics of trapping and detrapping process, respectively. To simplify the model, charge injection process is assumed to obey Schottky injection and tunneling, and generally, the current increases exponentially with the applied field and decays exponentially with the time. The trapping process from shallow to deep trap and the detrapping process from deep trap to shallow trap are not considered in the present study. In addition, we assume the trapped charges are close to the injecting electrode, so the recombination with the injected charge from the opposite electrode can be neglected. The details of the model description can be found in Ref. 9 .
Based on the above assumption, the kinetics of trapping and detrapping process can be expressed as follows:
Assume the injected current depends on the applied field only, i.e., the equation of
Where N 1 and N 2 are the total number density of shallow and deep traps, r 1 , r 2 are trapping cross section for shallow and deep trap, and n 1 and n 2 represent the number density of trapped charges in shallow and deep trap, respectively. q is the charge amount of the electron, J 0 is the initial current density when the applied field is E 0 , E is the applied field. k th1 and k th2 are the thermal detrapping rate constants for shallow and deep traps respectively. The thermal detrapping rate constant can be express as
The first term on the right hand side of the Eqs.
(1) and (2) represents the rate change of the trapping process, and the second term the rate of change of the detrapping process. In this paper, the emphasis is placed on charge decay after removing the applied field. The detrapping process after the removal of the applied field is as follows.
n 1 ðtÞ ¼ n 10 expðÀk th1 tÞ;
n 2 ðtÞ ¼ n 20 expðÀk th2 tÞ;
where N c is the effective density of states in the conduction band, v th is the thermal velocity of the charge, E t is the trap depth, k is the Boltzmann constant, and T is the temperature n 10 and n 20 are the initial number density of trapped charges in shallow and deep trap at the moment when the applied field is removed, respectively. The number density of total trapped charge density during detrapping process is given by nðtÞ ¼ n 1 ðtÞ þ n 2 ðtÞ ¼ n 10 expðÀk th1 tÞ þ n 20 expðÀk th2 tÞ:
The parameters k th1 , k th2 , n 10 , and n 20 are important as they are potentially related to microstructure of the material. Changes in parameters may reflect ageing taken place in the material. In details, k th1 and k th2 reflect two different trap depths in the material which may be related to different kinds of chemical or physical defects in the material. Likeness, n 10 and n 20 may be related to the trap density of both shallow and deep traps which will be further discussed in the next section. The above four parameters can be obtained via the data from a series of space charge decay measurements for different stressing times.
III. SPACE CHARGE DECAY EXPERIMENTAL RESULTS FROM LPDE
Space charge measurements were carried out on additive-free LDPE using the PEA technique. The thickness of the film was $180 lm. Details of the experimental can be found in Ref. 10 . Figure 1 shows the changes in space charge profiles during decay process after the sample being stressed at 4 kV for 10 mins. Because of attenuation and dispersion of the acoustic wave during transit of the sample the estimated magnitude of the space charge near the anode electrode is less accurate than that closer to the piezoelectric detector located beneath the cathode electrode. For this reason, the analysis of the space charge decay will be concentrated on the space charge close to the cathode and the kind of the charge carrier is the electron. The total amount of space charge in the bulk and the number density of the total trapped charge can be estimated using the following equation, respectively,
n ¼ Q=ðS d qÞ;
where q(x) is charge density, S is the electrode area and d is the thickness of the layer close to the cathode. The value of q(x) is shown in Fig. 1 , and S and d used in the experiments are 63.585 mm 2 (radius of the electrode area is 4.5 mm) and $50 lm, respectively. A similar measurement has been performed on the sample that has been stressed at the same voltage but for a short time (2 mins). The influence of stressing duration on trapping and detrapping characteristics will be discussed in the next section. According to Eq. (7), the total trapped charge can be calculated and plotted in Fig. 2 . It has been found that the total trapped charge Q (t) decreases fast at first and is followed by a slow decay. Such behaviors indicate that there are two kinds of traps existing in the material as described in Sec. II.
IV. CALCULATION OF TRAP PARAMETERS A. Calculation of parameters in the model
Numerical simulation is carried out to extract parameters from the model. The experimental data in Sec. III can be fitted well considering Eqs. between (6) and (8) . The Least Squares Nonlinear Regression Analysis is used to fit the data, and the type of fit is chosen as the dual-exponential by using the Trust-Region algorithm. All these process can be easily carried out by a simple MATLAB program or some other fitting tools. Fitting results of the calculation of the parameters k th1 , k th2 and n 10 , and n 20 are shown in Table I and Fig. 3 .
It has been found that for 2 mins and 10 mins stressing, both of shallow and deep traps in the material can simultaneously capture charges. However, the number density of trapped charges in shallow traps (n 10 ) is 16 times more than that in deep traps (n 20 ). This demonstrates that charges are easier trapped in shallow traps than deep traps. It can also be shown that the thermal detrapping rate constants k th1 and k th2 have a significant difference numerically. k th1 , which reflects the changing rate of shallow traps, are about 100 times more than k th2 , which stands for the changing rate of deep traps. This means that charges decay faster from shallow traps than that from deep traps.
Comparing 2 mins and 10 mins stressing, the number density of both shallow and deep trapped charges 10 mins stressing is just a little more than that at 2 mins stressing. This is because the total charges calculated are close to the electrode and the most traps are filled with the injected charges within 2 mins. The thermal detrapping rate constants should not alter with stressing duration unless there is change in trapping depth in the material. Our calculation results are agreeable to this. The values for both stressing time are the same values, therefore, the ratio of k th1 and k th2 at two different stressing times is also the same.
B. Trap density
At the same time, results of the trap density of shallow and deep traps can be obtained from our experimental data, as can been seen that charges in both shallow and deep traps increase with the time duration from our experimental analysis. The order of magnitude of the density of trapped charges in our calculation is agreeable to the results obtained using electroluminescence (EL) emission detection of the LDPE material.
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According to our proposed new model, we can present the expression of the n 10 and n 20 , as expressed in Eqs. (9) and (10) from integration of Eqs. (1) and (2) as follows:
The shallow trapped charges are also relevant to parameters A 1 , k th1 , and N 1 , and the deep trapped charges are related to A 2 , k th2 and N 2 . It is possible to compare the amount of N 1 and N 2 if knowing the above all parameters (A 1 , A 2 , k th1 and k th2 ). The thermal detrapping rate constants for shallow and deep traps k th1 and k th2 can be obtained from the space charge decay results directly. Now what is left is the determination of A 1 and A 2 . Given the data shown in Table I on the value of n 10 for two different poling times 120s and 600s, it is easy to estimate values for A 1 and A 2 , and therefore, the N 1 and N 2 can also be estimated. Substituting the value of A 1 , k th1 , and n 10 and A 2 , k th2 , and n 20 into Eqs. (9) and (10), the trap density both for the shallow (N 1 ) and deep (N 2 ) traps can be calculated, i.e., Table II ). Comparing the value of trap density (N 1 , N 2 ) with its corresponding trapped charge density (n 10 , n 20 ) shown in Table I , it has been found that the trap density is proportional to its number density of trapped charge, then we can say the number density of trapped charge can reflect its corresponding trap density. Obviously, the number density of shallow traps is much more than that of deep ones for our additive-free LDPE samples. This is in agreement with the conclusion that shallow traps are related to physical defects while deep traps are related to chemical defects. Since the samples used in our experiments are all unaged LDPE, indicating that physical defects should dominate charge dynamics. These findings are agreeable to the other studies where chemical impurities are most likely to be present in HDPE, or XLPE, than in LDPE, meaning that there are more deep trapping sites in HDPE and XLPE than LDPE (Ref. 12) .
As can be seen that the number density of trapped charges reflect the number density of both shallow and deep traps, the space charge measurement can be an effective and sensitive method to investigate the trapping characteristics. Different materials and different situation of materials under special conditions may show different trapping characteristics, which may not be seen from some regular chemical method such as infrared or Raman spectra but can be sensitive to the measurement of space charge. 13 
C. Trap depths
Both physical and chemical defects may be present in insulating materials and both trap electrons. It is easy to understand that different kinds of defects may correspond to traps with different energies. To understand the link between material microstructure/composition and charge trapping characteristics, it is necessary to acquire the trap depths of shallow and deep traps in the material presented in the model.
According to Eq. (3), the trap depth can be written as:
If all parameters in Eq. (11) ). Cross sections can be different based on the initial charge state of the centers, such as coulombic attractive, neutral or coulombic repulsive. For electrons the coulombic attractive center would be positively charged ranging from 10 À16 to 10 À18 m 2 (Refs. 6 and 16). In the model described above, there are two kinds of traps present in the material, indicating the existence of two capture cross sections. Therefore, the values of the cross section r 1 and r 2 can be estimated considering the definition of A 1 and A 2 in our proposed model,
J 0 , E, and E 0 can be obtained from the electrical conduction measurement, here we use J 0 ¼ 16 pA/mm 2 , E ¼ E 0 ¼ 20 MV/m from our previous test results. 17 Based on the above experimental data for A 1 and A 2 , r 1 and r 2 can be estimated about 6.56 Â 10 À17 m 2 and 1.04 Â 10 À16 m 2 , respectively. The cross section of shallow trap is smaller than that of deep one from the above calculation. Using the fitting data for k th1 and k th2 in Table I , the shallow and deep trap depth can be estimated. The trap depth estimated by us is as follows: E t1 is of the value 0.88 eV, and E t2 1.01 eV.
Generally, traps in the polyethylene having the trap depth energy lager than 1 eV can be acted as deep ones, 15, 18 so E t1 and E t2 can be represented as shallow and deep trap depth energy, respectively. It must be noted here that the time delay in the PEA measurement immediately after the applied voltage was removed does not allow us to detect shallower traps. 5 Our trap depth data obtained is in accordance with the value obtained by the others, 5, 19 and it does 
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FIG. 3. (Color online)
Space charge decay data and fitting for 2 and 10 min stressing, calculated using Eqs. (6)- (8): (a) whole view (decay times up to 1800 s); (b) partial view for the first fast decay (decay times between 0 and 100 s).
show the trapping characteristics can be described by two types of traps in the material. This supports that there may be different defects which have their own trap depth. Figure 4 shows the relationship between the trap depth and its trap density, which indicates that the space charge decaying during the first hundred seconds corresponding to the fast changing part of the slope was trapped with the shallow trap depth 0.88 eV, with a trap density of 1.47 Â 10 20 m À3 in the sample volume measured. At the same time, the space charge that decays at longer time corresponding to the slower part of the slope was trapped with the deep trap depth 1.01 eV, with a trap density of 3.54 Â 10 18 m
D. Relationship between trap depth and its trap density

À3
. It is worth to mention that there is a gap in trap depth between the two trap ranges. This does not mean that there are no trap states in this trap depth region but just implies that any other trap states that exist only have a small trap density compared with the two main ranges for both shallow and deep trap depth characteristics values.
From Fig. 4 , we can evaluate the trap characteristics of the material from both these two kinds of trap depth and its trap density. For different kinds of materials or for the same material after undergoing different conditions (for example, aging), ranges of both shallow and deep trap depth will change, also changing with their corresponding trap density.
V. DISCUSSION
The presence of both physical and chemical defects will lead to traps in the material having a range of trap depths. Due to aging or the presence of additives, it may lead to the accumulation of electrons in traps forming a relatively immobile space charge. 20 Physical defects may be created by changing of the morphological of crystallinity ratio, molecular weight, and microstructure. All these changes may lead to a trap energy modification and trapping or detrapping process. 15, 18, 20 Chemical defects may be created by photo-oxidation process which will change the chemical structure of the material.
These changes also have some influences on the trap energy distribution and trapping or detrapping process. Overall, shallow traps will have something to do with the physical defects while deep traps will be related to the chemical defects in the material. In the experimental presented in this paper, physical defects affect charging behavior stronger than the chemical defects as the material used in our study is additive-free LDPE. This is similar to the earlier research results using space charge measurement to relate the trapping and detrapping properties of polymers to their microstructures. 21 To illuminate how trap characteristics reflect the state of the material, we compare the space charge decay data of both fresh and gamma irradiated in nitrogen (N 2 ) LDPE samples after following the application of an electric field of 50 kV/mm for 60 mins (Ref. 22) . The space charge decay of the fresh and irradiated sample is shown in Fig. 5 .
From Fig. 5 . it can be seen that the sample gamma irradiated in nitrogen shows the overall slower decay rate than that of fresh one. This means there are more deep traps generated after irradiated. Using our proposed model to fit the data of the samples after irradiated in nitrogen, we can get the shallow trap depth increased to 0.96 eV, with the . The result is shown in Fig.  6 , and the Y-axis represents the number density of trapped charge, which is proportional to the trap density shown in Fig. 4 from Eqs. (9) and (10) after a long time poling. As it can be seen that both the shallow and deep trap depth increase, and the corresponding number density of shallow trapped charge decreases while the number density of deeper trapped charge shifts to a larger amount, which implies the irradiation introduces deeper traps because the total number density of both fresh and nitrogen irradiated samples are almost the same value, that's to say there are some shallow traps transiting to the deeper traps. Due to the length of this article, the details for how the different environments influences the trap parameters will be discussed elsewhere.
VI. CONCLUSION
From the decay of space charge of LDPE samples of different stressing time and our previous proposed new trapping model, the parameters of trapping characteristics are calculated and estimated including trap energy levels (trap depths) and number of traps (trap density) of both shallow and deep traps. It has been found that the space charge decaying during the first few hundred seconds corresponding to the fast changing part of the slope was trapped with the shallow trap depth 0.88 eV, with trap density 1.47 Â 10 20 m À3 in the sample volume measured. At the same time, the space charge that decays at longer time corresponding to the slower part of the slope was trapped with the deep trap depth 1.01 eV, with its trap density 3.54 Â 10 18 m
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. Finally, aging will introduce more deeper traps in the material, which indicates that trap depths and charge density of both shallow and deep traps may be used as aging marker as changes in the material.
